Human a-lactalbumin made lethal to tumor cells (HAMLET) is the first member in a new family of protein-lipid complexes that kills tumor cells with high selectivity. The protein component of HAMLET is a-lactalbumin, which in its native state acts as a substrate specifier in the lactose synthase complex, thereby defining a function essential for the survival of lactating mammals. In addition, a-lactalbumin acquires tumoricidal activity after partial unfolding and binding to oleic acid. The lipid cofactor serves the dual role as a stabilizer of the altered fold of the protein and a coactivator of specific steps in tumor cell death. HAMLET is broadly tumoricidal, suggesting that the complex identifies conserved death pathways suitable for targeting by novel therapies. Sensitivity to HAMLET is defined by oncogene expression including Ras and c-Myc and by glycolytic enzymes. Cellular targets are located in the cytoplasmic membrane, cytoskeleton, mitochondria, proteasomes, lysosomes and nuclei, and specific signaling pathways are rapidly activated, first by interactions of HAMLET with the cell membrane and subsequently after HAMLET internalization. Therapeutic effects of HAMLET have been demonstrated in human skin papillomas and bladder cancers, and HAMLET limits the progression of human glioblastomas, with no evidence of toxicity for normal brain or bladder tissue. These findings open up new avenues for cancer therapy and the understanding of conserved death responses in tumor cells.
Future Oncology part of
New, targeted cancer therapies are starting to appear but the lack of specificity for tumor cells remains a significant problem [1, 2] . Few molecules destroy cancer cells without harming healthy tissues and the side effects of current cancer drugs are so common that they have become accepted as a necessary element of tumor therapy. Diverse technologies and conceptual approaches have therefore been explored to identify how tumor cells differ from healthy cells, to understand the mechanisms of tumorigenesis and to explore new targets for more tumor-selective therapies [3] [4] [5] [6] [7] [8] .
Promising candidates inducing tumor-specific cell death include chicken anemia virus-derived apoptosis-inducing protein (apoptin), adenovirus early region 4 open reading frame (E4orf4), parvovirus-H1-derived NS1, human cytokines MDA-7 and TNF-related apoptosis-inducing ligand [3, 7] .
Human a-lactalbumin made lethal to tumor cells (HAMLET) is a complex of partially unfolded a-lactalbumin and oleic acid that kills tumor cells and immature cells, but not fully differentiated healthy cells [9] . The activity of HAMLET was discovered by serendipity while using human milk fractions to block bacterial adherence to lung carcinoma cells. One milk fraction killed the tumor cells and the molecular complex responsible for this effect was identified as a folding variant of a-lactalbumin bound to oleic acid [10] . Early in vitro experiments showed that HAMLET has broad antitumor activity with a high degree of tumor selectivity [9] . This is reviewed elsewhere [11] . Recently, HAMLET's broad antitumor activity has been explained by specific effects of oncogenic transformation and by targets in the metabolic machinery in tumor cells [12] . Furthermore, molecular and cellular targets have been extensively characterized.
The tumoricidal activity of HAMLET and the relative selectivity for tumor tissue is maintained in vivo, which has been shown in two human studies and several animal models. HAMLET treatment delayed the progression of human glioblastoma xenografts in nude rats and increased survival, triggering apoptotic changes in the tumor without evidence of cell death in healthy brain tissue [13] . In a placebo-controlled clinical study, topical administration of HAMLET removed skin papillomas without side effects [14] and in patients with bladder cancer, local instillations of HAMLET killed tumor cells but not healthy cells in surrounding tissues. In addition, HAMLET triggered rapid shedding of tumor cells into the urine and caused a reduction in tumor size in patients with bladder cancer [15] .
HAMLET: functional properties and therapeutic potential This review summarizes studies on the structure, function and therapeutic effects of the HAMLET complex and discusses HAMLET's potential as a tool in the development of new cancer therapeutics.
HAMLET: a tumoricidal complex of partially unfolded a-lactalbumin
& oleic acid
The paradigm 'one gene, one protein and one function' was proposed by Tatum and Beadle [16] ; however, since the completion of the human genome sequence in 2003, this paradigm has been widely debated [17] [18] [19] . Since the number of genes encoding proteins appears to be too small to fulfill the functional demands of complex organisms, additional mechanisms of functional diversification are being explored. While known structural modifications such as glycosylation and phosphorylation allow proteins to change their function and alternative splicing of mRNA transcripts may generate additional diversity, the HAMLET model suggests that partial unfolding enables proteins to generate new functional variants from a given polypeptide chain [10] (reviewed in [20] ). When described, HAMLET was the first example of a protein that undergoes partial unfolding to attain a new function different from that of its native state. Importantly, HAMLET undergoes a partial unfolding and remains as such to fulfill its new biological function, clearly distinguishing proteins forming HAMLET and related protein-lipid complexes from the moonlighting proteins [21] [22] [23] and from the intrinsically unfolded proteins [24] . This mechanism also differs from amyloid formation, where unfolding is driven towards fibril formation, cytotoxicity for healthy tissues and the loss of function associated with numerous disease states [25] .
HAMLET is a complex of partially unfolded a-lactalbumin and oleic acid (C18:1:9 cis) (Figure 1 ) [10] . The tumoricidal activity of HAMLET was discovered in casein, obtained after low pH precipitation of human milk [9] and isolated by ion exchange chromatography, when the active complex eluted as a sharp peak after high salt. Surprisingly, the major component of the eluate was the whey protein a-lactalbumin, which had not previously been identified in the casein fraction or associated with tumoricidal activity [9, 26] . However, native a-lactalbumin was shown to lack tumoricidal activity and no post-translational modifications explaining the new activity were found. A loss of tertiary structure definition was detected by circular dichroism (CD) spectroscopy, however, this was accompanied by increased binding of the fluorescent hydrophobic dye, 8-anilinonaphtalene-1-sulfonic acid, suggesting that the low pH used for casein precipitation was driving a conformational change required for HAMLET formation.
The a-lactalbumin protein has been extensively used as a model of protein folding [27] [28] [29] , and partially unfolded states [27] have been studied by several techniques including hydrogen/deuterium exchange combined with NMR [30, 31] , photochemically induced dynamic nuclear polarization NMR [28] , limited proteolysis [32] and mutational studies [33] . The crystal structure of human a-lactalbumin [34] reveals a large a-helical domain with three major a-helices and two short 3 10 -helices. The small b-domain consists of a triple-stranded antiparallel b-sheet and a short 3 10 -helix [34] . The protein is stabilized by four disulfide bonds [35] and a high-affinity calcium-binding site [36] .
While partial unfolding of a-lactalbumin is an essential feature of HAMLET formation, the structure of the HAMLET complex is not fully understood. In the near-UV range for the HAMLET CD spectrum a loss of tertiary structure definition has been detected [10] , and increased exposure of hydrophobic domains was suggested by a blue shift compared with the native protein, with increased 8-anilinonaphtalene-1-sulfonic acid binding in fluorescence spectroscopy. The 1 H-NMR spectrum of HAMLET showed broader peaks as well as lower intensities of the upfield methyl proton peaks, indicating a less-ordered protein, confirming the near-UV CD result. Through hydrogen/deuterium exchange coupled with peptic digestion, a conformational state distinct from both the native and the Ca 2+ -depleted states was suggested [37] . Two constitutively unfolded a-lactalbumin mutants were used to prove this point. First, functional HAMLET complexes were produced from the D87 calcium-site mutant developed by Brooks and Berliner [38] . As this mutant does not bind calcium, it remains partially unfolded at solvent conditions used for the cell death assays. Second, a fully functional tumoricidal complex was readily formed from the Cys-Ala all-Ala mutant of a-lactalbumin [39] . This mutant lacks disulphide bonds with substitutions of all cysteines by alanines and remains non-native under all conditions. The studies of a-lactalbumin in HAMLET and of additional proteins (see below) illustrate how partial unfolding of proteins may be used as a successful route for functional diversification of proteins (Figure 2) . Importantly, the constitutively unfolded mutants did not directly future science group kill tumor cells, emphasizing the need for cofactors to form a functional HAMLET complex. The work has also been extended to address if peptides, rather than the entire protein, may possess tumoricidal activity. Tolin et al. have formed peptide-lipid complexes from peptic digests of a-lactalbumin, and have suggested that such peptides have tumoricidal activity, but only when bound to proper fatty acid cofactors [40] .
Fatty acids are essential for the formation & function of the HAMLET complex
Early studies identified oleic acid as a cofactor required for the formation of an active HAMLET complex. NMR spectroscopy suggested that oleic acid is integrated into the complex, as the signal was broader than for oleic acid alone [10] , and the lipid cofactor has been proposed to stabilize the partially unfolded state of a-lactalbumin, preventing the protein from reverting to the native state at physiologic solvent conditions [10] .
To address whether HAMLET complex formation is specific for oleic acid, a fatty acid screening study was performed. Ion exchange matrices were preconditioned with fatty acids differing in chain length, saturation and configuration of the double bond(s). Interestingly, oleic acid (C18:1:9 cis) and vaccenic acid (C18:1:11 cis) were identified as the most efficient cofactors in HAMLET complex formation. In addition, C16 or C20 cis unsaturated fatty acids readily formed complexes with apo a-lactalbumin [41] , but trans fatty acids of similar carbon chain length were unable to form complexes, as were saturated fatty acids. In addition, deprotonated oleic acid (oleate) has been used successfully as a cofactor in HAMLET or BAMLET (the bovine counterpart of HAMLET), as expected from the alkaline pH conditions used in HAMLET formation [42] . The results suggest that specific fatty acid may be suitable for complex formation, by binding to domains or epitopes in the partially unfolded protein.
C18 cis fatty acid complexes showed enhanced tumoricidal activity, compared with other complexes, suggesting that fatty acids also participate in the interaction of target cells with HAMLET. However, whether the fatty acids act as direct, independent tumor cell agonists has been debated. Studies of complexes with high lipid content have recently suggested that unfolded proteins may function solely as 'lipid carriers', and that the lipids constitute the tumoricidal entity [43] . At the concentrations present in HAMLET, oleic acid/oleate cause cellular responses including a change in morphology, although there is no evidence that oleic acid or oleate alone trigger the entire tumoricidal response seen with HAMLET [44] . HAMLET appears to identify and exploit conserved features of cancer cells for its tumoricidal activity. To date, more than 40 different tumor cell lines have been exposed to HAMLET in vitro and shown to be sensitive, regardless of tumor type, species and tissue origin [9] . Arguably, such conserved features may either represent general features of tumor cells that also render them susceptible to HAMLET or may reflect the presence of specific, conserved targets critical for the cell death response. To identify properties that render tumor cells susceptible to HAMLET, a combination of shRNA inhibition, proteomic and metabolomic technology were used. Elevated c-MYC expression was shown to create a HAMLET-sensitive phenotype and the c-MYC and RAS oncogenes were identified as essential determinants of HAMLET sensitivity [12] . Furthermore, the shRNA screen identified Hexokinase 1, PFKFB1 and HIF1a as determinants of HAMLET sensitivity. Hexokinase 1 was also shown to bind HAMLET in a protein array containing approximately 8000 targets [12] . Importantly, glucose deprivation sensitized tumor cells to HAMLET-induced cell death and HAMLET triggered rapid metabolic paralysis in carcinoma cells. By mass spectro metry, the glycolytic machinery was shown to be modified by HAMLET and glycolysis was shifted towards the pentose phosphate pathway. These findings link the HAMLET sensitivity of tumor cells to conserved features defined by oncogenic transformation and the metabolic state (the Warburg effect).
The plasma membrane: the first barrier HAMLET discriminates tumor cells from normal differentiated cells, and interactions at the plasma membrane level determine the difference in sensitivity. The key molecular interactions are not fully understood, but in early studies, HAMLET was shown to trigger ion fluxes across tumor cell membranes [9] . Recently, in lipid membrane models, HAMLET has been shown to interact with phospholipid bilayers in the absence of specific tumor cell membrane constituents [45] . HAMLET, bound to egg yolk and soybean membranes at physiological pH, perturbed membrane integrity and caused leakage of vesicular contents to the exterior. Vesicles composed of natural lipid mixtures showed drastically altered morphology in response to HAMLET, although Reproduced with permission from [66] .
future science group the natively folded protein or oleic acid did not have these effects [45, 46] . Interestingly, the membrane elongation and a change in fluidity further emphasize the potential for ion channel activation by HAMLET through mechanosensing or, alternatively, the formation of HAMLET-specific ion channels [47] . The results suggest that the membrane is perturbed in concert by the partially unfolded protein and the fatty acid by a mechanism requiring both the protein and the fatty acid.
Relevance of these membrane perturbations and resulting ion fluxes for tumor cell death has also been documented [47] . HAMLET was shown to trigger rapid cation fluxes and the inhibition of these fluxes prevented many aspects of the cell death response to HAMLET. Furthermore, tumor specificity was suggested, as HAMLET was shown to alter membrane properties in plasma membrane vesicles from tumor cells while plasma membrane vesicles from normal, differentiated cells were not affected [45] . This may reflect differences in membrane composition, structural organization and functional properties between tumor cells and normal, differentiated cells, including membrane fluidity and the fatty acid composition of the phospholipids. Membranes of tumor cells have altered lipid composition and fluidity, which may alter the properties of membrane-bound receptors, enzymes and endocytic pathways and thereby the activation of cell death [48] . Thus, tumor cell membranes may favor HAMLET binding and facilitate HAMLETinduced membrane perturbations activating the cell death response.
An unfolded protein response: endoplasmic reticulum stress & proteasome fragmentation in HAMLET response
After perturbing the membranes of tumor cells, HAMLET enters the cytoplasm and translocates to the nuclei [10, 13, 49, 50] . The authors have hypothesized that the internalization of HAMLET creates an unfolded protein-overload scenario that triggers endoplasmic reticulum stress and targets HAMLET to the proteasomes for degradation. Proteasomes normally control the level of endogenous unfolded proteins by degrading them in the proteolytic core, proteins that resist degradation or proteasome inhibition may cause cell death. Endogenous, unfolded proteins are degraded by 26S and 20S proteasomes but unfolded a-lactalbumin interacts mainly with the 20S proteasomes in vitro [51] . The authors have shown that HAMLET is targeted to 20S proteasomes in tumor cells and triggers a change in proteasomes structure, with modifications of catalytic (b1 and b5) and structural subunits [52] . Evidence for a direct interaction of HAMLET with intact proteasomes and proteasome subunits was obtained in vitro [52] . Interestingly, HAMLET resisted degradation by proteasomal enzymes and inhibited proteasome activity. Thus, targeting of internalized HAMLET to the proteasomes and perturbations of proteasome structure might contribute to the cytotoxic effects of unfolded protein complexes that invade host cells.
Nuclear receptors & chromatin interactions of HAMLET
The nuclear translocation of HAMLET is rapid, with 75% of the complex reaching the nuclei within 1 h at 35 µM concentrations. Healthy cells, by contrast, only take up small amounts of HAMLET and there is no evidence that HAMLET reaches the nuclei of healthy cells [13, 49] . The nuclear accumulation of HAMLET has been proposed to reflect the role of histones as nuclear receptors for HAMLET, and the affinity binding, mainly to histones H3 and H4, creates virtually insoluble complexes [49] . In nuclear extracts, HAMLET, histones and DNA form virtually insoluble complexes. As chromatin accessibility is controlled by the acetylation state of the histone tail, histone deacetylase inhibitors are used to modify the chromatin accessibility of tumoricidal agents. Histone deacetylase inhibitors enhance the tumoricidal effects of HAMLET, in part by enhancing the hyperacetylation response [53] . Future studies in tumor models will be of interest to investigate whether the combination of HAMLET and histone deacetylase inhibitors may be used to increase the therapeutic efficiency in vivo.
Apoptosis & macroautophagy
HAMLET-treated cells show signs of apoptosis such as cell shrinkage, nuclear condensation, caspase activation and DNA fragmentation [9] . However, inhibition of apoptosis by the pancaspase inhibitor zVAD-FMK does not prevent cells from dying and overexpression of the antiapoptotic BCL-2 and BCL-XL proteins does not change the sensitivity of tumor cells towards HAMLET. HAMLET-induced cell death is also p53-independent [54] .
BAMLET has been shown to induce caspase activation in several tumor cell lines [55] . In addition, BAMLET colocalizes with lysosomes in tumor cells and causes lysosomal membrane permeabilization followed by leakage of cathepsin L from the lysosome into the cytoplasm [55] .
In parallel with apoptosis, HAMLET triggers macroautophagy [56] . Extreme responses may cause so-called autophagic/type II cell death [57] [58] [59] . Evidence of macroautophagy was first obtained by electron microscopy, when double membrane vesicles were observed after HAMLET treatment. Subsequently, other changes typical of macroautophagy were also observed, including LC3 translocation and accumulation [56] . Inhibition by Beclin 1 and Atg5 siRNAs reduced HAMLET-induced macroautophagy and showed marginal effects on cell death, suggesting that autophagy is one of several responses occurring in cells that die in response to HAMLET.
Cell detachment induced by HAMLET
Adherent tumor cells detach in response to HAMLET in vitro (Figure 3) and, in patients with bladder cancer, local HAMLET instillations have been shown to trigger rapid tumor cell detachment in vivo [15, 60] . To identify molecules involved in cell detachment, cellular extracts were screened for HAMLET targets. One such screen identified a-actinin-1 and -4 as binding partners for HAMLET [60] . a-actinins are the major F-actin-binding and crosslinking proteins in human cells. Two a-actinin molecules form a functional antiparallel homodimer [61] and the cellular localization of a-actinin differs depending on the cell type [62] . a-actinin-1 has been shown to localize at focal adhesion plaques or adherence junctions and a-actinin-4 at points of cell-cell contact. However, a-actinin-4 has also been shown to interact with focal adhesion constituents, including vinculin and the cytoplasmic domain of b-integrins [63] [64] [65] .
The a-actinin-4 domains interacting with HAMLET were identified using a synthetic peptide library mapped onto a cryoelectron microscopy reconstruction representation of smooth muscle a-actinin [60] . Four peptides facing the cavity between the actin-binding domain and the central rod domain were identified, potentially forming a combined binding site for HAMLET. In addition, a potential b-integrin-binding site was identified and HAMLET bound to two peptides in the a-actinin-C-terminal. HAMLET triggered a rapid disruption of focal adhesion complexes and cytoskeletal structure and focal adhesion kinase phosphorylation and signaling. The effect was only observed in carcinoma cells, as normal differentiated cells retained their morphology in the presence of HAMLET.
HAMLET-like complexes
Following the discovery of HAMLET, several HAMLET-like complexes have been produced. The properties of HAMLET-like complexes using a-lactalbumin derived from different species suggested that the conversion of a-lactalbumin to its tumoricidal form tolerates a certain degree of sequence variation. Bovine, equine, porcine and caprine a-lactalbumin differed greatly in the efficiency of complex formation, although the complexes with oleic acid showed similar tumoricidal activities [66] . Lysozyme, which is the closest structural homolog of a-lactalbumin, also forms cytotoxic complexes with oleic acid called ELOA [67] . In contrast with conventional noncalcium-binding c-type lysozyme, equine lysozyme binds calcium and exhibits enzymatic activity. Similar to a-lactalbumin, equine lysozyme forms a range of partially folded states under destabilizing conditions and also populates various kinetic intermediates, while retaining its native-like core conformation.
future science group A few significant differences between ELOA and HAMLET should be discussed. ELOA exists as an oligomer, binding as many as 48 oleic acid molecules in a single complex, compared with four to eight oleic acids bound to the HAMLET monomers. This 'lipid overload' is likely to change the interaction with tumor cell membranes from a programmed cell death response to cell lysis, as high levels of oleic acid are cytotolytic [68] [69] [70] [71] .
Other HAMLET-like complexes have been produced by alternative methods, including mixing procedures under acidic [72] or alkaline [42] pH conditions or by heat denaturation [73] . By using proteolytic fragments of bovine a-lactalbumin mixed with oleic acid, Tolin et al. suggested that the protein component mainly acts as a binding partner for the fatty acid [40] . However, the peptide preparations contained two-to threefold more lipid compared with HAMLET, and target analysis in tumor cells has not yet been performed. The a-isoform of pike parvalbumin or bovine b-lactoglobulin [43] were both shown to form complexes with oleic acid, suggesting that proteins other than a-lactalbumin may act as binding partners for oleic acid. This was confirmed for b-lactoglobulin [74] . These complexes are cytotoxic for different cells lines, including human lung carcinoma cells A549 [72] , laryngeal carcinoma (HEp-2) cells [70] and human monocytic cells (U937) [43] . Mechanistic characterizations of the implicated cell death pathways are needed to define if the activity of the complexes is associated with the cytotoxicity of oleic acid.
Cell death in response to HAMLET-like complexes
BAMLET has been the focus of several interesting studies addressing the interaction with tumor cells [55, 66] . BAMLET reproduces many aspects of the tumoricidal response to HAMLET including the morphologic changes, internalization and loss of viability. Rammer et al. have shown that BAMLET activates caspase-dependent apoptosis-like cell death and autophagy, but does not kill cells by these mechanisms. In addition, the BAMLET complex has been shown to activate the lysosomal cell death pathway [55] . The ELOA complexes trigger cell death, accompanied with combined staining of acridine orange and ethidium bromide, following the accumulation of ELOA in the vicinity of the cell membrane [67] . Several other complexes derived from b-lactoglobulin and parvalbumin have also been shown to trigger cytotoxic responses involving membrane depolarization and membrane damage [43] .
In vivo effects of HAMLET
Most current therapies lack tumor specificity and toxicity for healthy tissues is therefore a major concern. A variety of approaches are being explored to identify new drugs that selectively kill tumor cells. Significant progress is being made and new, targeted therapies include inhibitors of growth factors and their receptors, blockers of angiogenesis and proapoptotic drugs [4] [5] [6] 8] . A high degree of selectivity for tumor cells in vitro and in vivo has identified HAMLET as an interesting candidate drug with tumor specificity in animal models and clinical studies [13] [14] [15] 75] .
HAMLET limits the progression of human glioblastoma xenografts
Malignant tumors of the brain may arise from cells in the brain tissue per se or from metastatic spread of tumor cells from peripheral organs. In both cases, therapeutic options are limited. Due to infiltrating growth, glioblastomas are not amenable to selective surgical removal and are resistant to irradiation and most, if not all, chemotherapy. Experimental therapies such as gene therapy and antisense, engineered and defective viruses may be efficient in brain tumor models, but those few that have made it to clinical trials have not been promising [76] . For example, regional infusion of a transferrin-diphtheria toxin complex has been shown to decrease tumor volume [77] , but complications included necrosis, brain edema and destruction of brain capillary endothelial cells. There remains, therefore, a great unmet need for novel therapeutic approaches that selectively eliminate the tumor cells without damaging functional brain tissue.
Xenotransplantation of human glioblastoma cells into nude rats has been used extensively to screen novel therapeutic agents [78] . The human tumor is cultured in vitro and approximately 5-10 µl of phosphate-buffered saline containing five biopsy spheroids is injected into the striatum. Rats are monitored daily and sacrificed when they develop symptoms such as passivity, clumsiness and paresis, and the tumor mass is quantified by MRI scans.
To administer HAMLET, the authors chose to use convection-enhanced delivery, where the region of the tumor was infused with HAMLET or a-lactalbumin through a cannula connected to an osmotic mini pump [13] . A 24-h infusion of HAMLET was sufficient to dramatically delay tumor development ( Figure 4A ) and the onset of pressure symptoms. By immunohistochemistry, the protein complex was shown to trigger apoptosis in tumor tissue and HAMLET penetrated future science group throughout the hemisphere that was injected. However, HAMLET infusions did not appear to harm the normal brain or cause neurological symptoms. It appears from these studies that regional therapy of HAMLET may be proposed as a possible novel approach to control the progression of malignant and invasive brain tumors and possibly of metastases of tumors from distant sites. Use of convection-enhanced delivery into the CNS is essential for future studies, as HAMLET is inactivated in human serum.
Effects of HAMLET on human skin papillomas: a placebo-controlled study
The authors' group selected skin papillomas for the first human study of HAMLET's effect as a topical therapeutic [14] . Human papillomavirus (HPV)-transformed keratinocytes proliferate and form warts, and most of the skin lesions remain benign. Cutaneous papillomas are caused by one or more of approximately 130 different HPV types [79] . Current treatments include cryotherapy, curettage, cautery, topical virucidal agents [80] , lasers [81, 82] , antimitotic agents [83] and immunoactivators [84] [85] [86] .
Immunosuppressed patients run an increased risk of developing papillomas and often carry multiple HPV types [87] .
The authors tested topical treatment of human skin papillomas with HAMLET in a placebocontrolled, double-blind study. HAMLET (0.7 mM in 0.9% NaCl) or placebo (0.9% NaCl) was applied topically once a day for 3 weeks and the volume change was recorded. After the first trial, both the placebo and the treatment group were offered a 3-week course of HAMLET in an open arm of the study. The lesion volume was reduced by ≥75% in the HAMLET group compared with 15% in the placebo group (p < 0.001). Complete resolution of all lesions had occurred in 90% of all HAMLET-treated patients after 5 months, and the time to resolution was shorter in the group receiving HAMLET from the start compared with the placebo group ( Figure 4B) . No adverse reactions were reported, and there was no difference in treatment outcome between immunocompetent and immunosuppressed patients. It was concluded that topical HAMLET treatment has a beneficial and lasting effect on skin papillomas.
Intravesical instillation of HAMLET in patients with bladder cancer
Bladder cancers are common, differing in severity and accessibility to therapy. Surgery alone or in combination with cytostatic drugs is (A) Reproduced with permission from [13] . (B) Reproduced with permission from [14] . (C) Reproduced with permission from [15] .
future science group used successfully, but therapy-resistant tumors still cause significant morbidity and mortality [88] . After removal by transurethral resection of superficial papillary tumors the short-term prognosis is excellent. Intravesical instillation of the Bacille Calmette-Guerin vaccine results in a recurrence-free interval of at least 2 years in approximately 70% of the treated patients [89] . Still, the recurrence rate is high and due to the risk of dedifferentiation, patients require lifelong follow-up. Invasive tumors are removed by radical cystectomy and some patients receive adjuvant systemic chemo therapy but may still have a poor prognosis [90] . Furthermore, Bacille Calmette-Guerin treatment has significant side effects and, especially in immunosuppressed patients, systemic antituberculous therapy may be required.
The authors' group therefore studied whether intravesical HAMLET instillations may be used to kill cancer cells in vivo [15] . In patients with superficial, exophytic bladder cancer or cancer in situ, an image of the tumor was obtained through the cystoscope at the time of diagnosis. After five daily intravesical instillations of HAMLET during the week before scheduled surgery, the tumor was again photographed and biopsies were obtained to examine tissue integrity and to compare the apoptotic response of the tumor and surrounding healthy tissues. By cystoscopy, a reduction in tumor size was detected ( Figure 4C ) and in biopsy specimens, apoptotic cells were seen in the remaining tumor. The patients with cancer in situ showed a reduction in the number of tumor-positive biopsies. By contrast, there was no TUNEL response in healthy tissue biopsies adjacent to the tumor and no cell exfoliation after intravesical NaCl instillations in the patients. In addition, each HAMLET instillation triggered the exfoliation of large numbers of tumor cells.
The results show that HAMLET exerts a direct and selective effect on bladder cancer tissue in vivo, and that local administration of HAMLET may cause a rapid reduction in tumor mass.
HAMLET treatment delays bladder cancer development in a mouse model
The human bladder cancer study was not designed as a controlled, therapeutic study. To evaluate whether HAMLET is efficient as a topical therapeutic agent in bladder cancer, the authors therefore used the mouse MB49 bladder carcinoma model [75] . Rapidly growing tumors were established by intravesical inoculation of tumor cells and HAMLET was applied topically.
Using tumor size as the therapeutic end point, a significant therapeutic effect of HAMLET was detected. A reduction in tumor development was observed in HAMLET-treated mice compared with the control group. Furthermore, by in vivo imaging of Alexa-Fluor-labeled HAMLET, accumulation was detected in tumor tissue for at least 24 h, but not in the healthy tissues surrounding the tumor. The results show that HAMLET is active as a tumoricidal agent with selective uptake in bladder tumor tissue and suggest that topical HAMLET administration should be further tested in patients with bladder cancer.
Effects of HAMLET on bacteria
The tumoricidal activity of HAMLET was discovered as a result of attempts to define the antiadhesive effect of human milk casein. The authors had previously observed that casein reduced the attachment of Streptococcus pneumoniae to human respiratory tract cells and therefore used different casein fractions as a tool to further understand the molecular specificity involved in host cell recognition by pneumococci [91] . In addition to the lethal effects on tumor cells, HAMLET was shown to also kill the bacteria. Analysis of the antibacterial spectrum showed sensitivity mainly of streptococci; most Gram-negative and other Gram-positive bacteria were resistant. Thus, in addition to its tumoricidal effect, HAMLET shows significant antimicrobial activity.
Further studies showed that an apoptosis-like response is also activated by HAMLET in bacterial cells. Striking similarities were observed, including DNA fragmentation and a change in morphology [92] . HAMLET induced a calciumdependent membrane depolarization in both host cells [9] and bacteria [92] , possibly reflecting the shared evolutionary origin of mitochondria and bacteria. In addition, a bovine a-lactalbumin-OA complex prepared under alkaline conditions (bLA-OA-45) was shown to depolarize and damage the plasma membrane in S. pneumonia D39 [42] . Downstream degradation pathways involved protease and endonuclease activity. These findings suggest that pathways associated with apoptosis are present in prokaryotes and that mechanisms of bacterial cell death may be explored to further our understanding of key activation mechanisms leading to cell death in eukaryote cells. Furthermore, the bacterial responses may prove essential to identify novel targets for future antimicrobial therapy. The similarities between mitochondrial and bacterial responses to HAMLET may be essential in this context.
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Conclusion
HAMLET is the first member of a new, expanding family of unfolded protein-lipid complexes that kill a broad range of cancer cells while sparing normal, differentiated cells. HAMLET thus identifies targets that are highly conserved among cancer cells and whose activation tilts the balance from exaggerated cell survival towards death. Here, aspects on the structure, cellular targets and in vivo effects of HAMLET are reviwed. The results suggest that HAMLET offers a two-tiered therapeutic approach, killing cancer cells while stimulating an innate immune response in surrounding healthy tissues. The HAMLET-induced tumor-selective death is particularly significant in view of HAMLET's already documented tumoricidal effect in patients and animal models.
Future perspective
To further elucidate the HAMLET phenomenon, a combination of structural studies, cell biology, animal models and clinical trials will be needed. It is encouraging that several international groups actively pursue this field of research [12, 42, 45, 46, 55, 75, 92] . New data on the structure of HAMLET, BAMLET, ELMLET and other similar complexes are rapidly being generated. Cellular targets that initiate the cell death process are being identified in the cytoplasmic membrane and it should be possible in the near future to characterize targets that distinguish tumor cells from healthy, differentiated cells in order to understand the relative tumor selectivity of HAMLET. Finally, the range of therapeutic targets for HAMLET is being expanded, hopefully serving as a source of inspiration for continued development of HAMLET into a fully available therapeutic agent.
Specifically, we propose that HAMLET should be further explored as a novel therapeutic agent against HPV-induced tumors. HPV infection is an important cause of cervical cancer [93] , making effects on skin papillomas of potential interest for patients with cervical dysplasia or HPV-induced genital warts. HPV vaccines are efficient new tools to prevent cervical papillomas, although the morbidity in unvaccinated subjects remains a major health issue. A study of topical HAMLET administration in women with cervical dysplasia would be of great interest, as removal of cervical tissue by conization remains the only therapeutic option at present.
We also propose that the therapeutic value of HAMLET should be explored in controlled trials of bladder cancer and brain tumors, where experimental and human data are available. Further characterization of basic mechanisms of cell death regulation may also be useful to design future disease therapies involving both eukaryotic and prokaryotic cells. No writing assistance was utilized in the production of this manuscript.
Executive summary
n The HAMLET model suggests that partial unfolding enables proteins to generate new functional variants from a given polypeptide chain.
n The lipid cofactor serves the dual role as a stabilizer of the altered fold and a coactivator of specific steps in tumour cell death.
n HAMLET is broadly tumoricidal in vitro, but spares healthy, differentiated cells.
n The tumoricidal response is initiated at the membrane by mechanisms involving membrane perturbations and ion fluxes. Subsequent responses include death signaling pathways and direct interactions of HAMLET with intracellular compartments such as mitochondria, proteasomes, endoplasmic reticulum stress and binding to histones/chromatin in tumor cell nuclei.
n Therapeutic studies include a placebo-controlled study of human skin papillomas and an explorative study of human bladder cancer. Therapeutic efficacy has also been documented in animal models of glioblastoma, bladder cancer and colon cancer.
n These properties identify HAMLET as a new type of tumoricidal compound with great potential as a tumoricidal agent and as a tool to reveal new, conserved death pathways in tumor cells.
